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ABSTRACT: Anterior cruciate ligament (ACL) injuries most frequently occur under the large loads associated with a unipedal jump
landing involving a cutting or pivoting maneuver. We tested the hypotheses that internal tibial torque would increase the anteromedial
(AM) bundle ACL relative strain and strain rate more than would the corresponding external tibial torque under the large impulsive
loads associated with such landing maneuvers. Twelve cadaveric female knees [mean (SD) age: 65.0 (10.5) years] were tested. Preten-
sioned quadriceps, hamstring, and gastrocnemius muscle-tendon unit forces maintained an initial knee ﬂexion angle of 158. A com-
pound impulsive test load (compression, ﬂexion moment, and internal or external tibial torque) was applied to the distal tibia while
recording the 3D knee loads and tibofemoral kinematics. AM-ACL relative strain was measured using a 3 mm DVRT. In this repeated
measures experiment, the Wilcoxon signed-rank test was used to test the null hypotheses with p < 0.05 considered signiﬁcant. The
mean (SD) peak AM-ACL relative strains were 5.4  3.7% and 3.1  2.8% under internal and external tibial torque, respectively.
The corresponding mean ( SD) peak AM-ACL strain rates reached 254.4  160.1%/s and 179.4  109.9%/s, respectively. The
hypotheses were supported in that the normalized mean peak AM-ACL relative strain and strain rate were 70 and 42% greater under
internal than under external tibial torque, respectively (p ¼ 0.023, p ¼ 0.041). We conclude that internal tibial torque is a potent
stressor of the ACL because it induces a considerably (70%) larger peak strain in the AM-ACL than does a corresponding external
tibial torque.  2011 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 30:528–534, 2012
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An estimated 250,000 anterior cruciate ligament
(ACL) injuries occur annually in the United States,
70% of which are termed ‘‘non-contact’’.1,2 Regardless
of the treatment, an ACL rupture increases the risk of
developing degenerative arthritis in that knee 10-fold
compared to an age-matched uninjured population.3–5
Non-contact ACL injuries frequently occur while land-
ing unipedally from a jump or during a plant-and-cut
or pivot maneuver.6 A current knowledge gap concerns
the unknown interaction between lower extremity
conﬁguration, external loading direction, and muscle
recruitment patterns in causing an ACL rupture.
Insights could lead to improved prevention programs.
Previous studies, performed quasi-statically in vivo
and in vitro, suggest higher ACL strains occur under
an internally directed (‘‘INT’’) tibial torque than under
an externally directed (‘‘EXT’’) tibial torque.7–9 It is
known that an internal tibial rotation increases a cou-
pled anterior tibial translation, thereby increasing
ACL strain.10 Post hoc video analyses suggested that
ACL injury can occur under a forceful knee valgus
loading and internal or external tibial rotation at or
near a fully extended knee.11,12 But the relative contri-
bution of transverse plane tibial rotation to ACL injury
remains unclear.13 Despite controversy13–15 (see Dis-
cussion section), ACL injury prevention programs
have focused over the last decade on reducing valgus
loading on the knee during jump landings.16–19 This
may be because an apparent valgus knee posture is
often observed on injury video tapes of athletes who
sustained an ACL injury. However, while post hoc in-
jury video analyses can provide valuable information
on the timing of gross body and limb postures and
movements, they cannot provide the detailed kinemat-
ics of the tibia and femur, the direction of the net ex-
ternal load from the ground reaction force and/or
moment that act(s) on the tibia, or the concomitant
knee muscle forces acting on the knee to cause the
ACL injury. Krosshaug et al.20 showed that the accu-
racy of a simple visual inspection of injury video is
poor and the injury video analysis can be improved by
using their model-based image-matching techniques.21
However, they also commented that their method pre-
dicted less accurate axial rotation of the thigh and
shank compared to hip and knee ﬂexion and abduction
angles.21 Hence, an investigation of the effect of axial
tibial torque on ACL strain and strain rate during a
realistic pivot landing seems warranted, particularly
in the presence of direct measurements of the impul-
sive tibial compressive force, knee ﬂexion moment,
muscle forces, and tibiofemoral joint kinematics.
The goal of the present study, therefore, was to
investigate the effects of both internal and external
tibial torque on AM-ACL relative strain and strain
rate under large compound impulsive loads applied to
an instrumented cadaveric knee. The ﬁrst primary
hypothesis we tested was that peak AM-ACL relative
strain should be larger under internal than under ex-
ternal tibial torque during a simulated pivot landing.
We also tested the corresponding hypothesis involving
strain rate instead of strain. This is because the
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viscoelastic nature of the ACL causes its resistance to
stretch to depend on the strain rate,22 yet we are not
aware of any data on the magnitude of the ACL strain
rate during a pivot landing.
METHODS
Specimen Procurement and Knee Testing Apparatus
Since a full description of the methods has been published
elsewhere,23 only the most pertinent information will be given
in what follows. Twelve fresh cadaveric limbs [mean (SD)
age: 65.0 (10.5) years; eight female donors] were obtained
from the University of Michigan Anatomical Donation Pro-
gram. Prior to the procurement, any indication of surgery
and severe deformities resulted in exclusion. In order to stan-
dardize specimen length, the lower extremities were cut 8’’
(20 cm) proximal and distal to the knee joint line. The
specimens were then dissected with the ligamentous knee
structures and the tendons of the quadriceps, medial, and
lateral hamstring, and medial and lateral gastrocnemius
muscles left intact. The dissected specimens were kept frozen
at 208C until they were needed and were thawed at room
temperature for at least 12 h before testing commenced. Dur-
ing the testing, isotonic saline solution was regularly sprayed
on the soft tissues to prevent drying.
Each knee specimen was mounted in a testing apparatus
to simulate the position of a single extremity as it strikes the
ground while landing on one leg during a plant-and-cut or
pivot maneuver.23–25 The quadriceps and medial and lateral
gastrocnemius muscles were represented by elastic muscle-
equivalent structures (2 mm diameter woven nylon cord,
tensile stiffness 2 kN/cm) pretensioned to 180 and 70 N
each, respectively. Two custom-made constant force springs
(pretensioned to 70 N each) were used to represent the medi-
al and lateral hamstring muscle forces. In each case the mus-
cle tendon was gripped by a cryoclamp to attach it to the
muscle-equivalent along the anatomic line of action, thereby
representing its in vivo dynamic resistance to sudden stretch.
In all trials, an initial knee ﬂexion angle of 158 was main-
tained by the pretension in the muscle-equivalents. An im-
pulsive jump landing ground reaction force was simulated by
releasing a drop weight onto a custom instrumented ﬁxture
holding the distal tibia of the inverted knee so as to generate
a two times body-weight (BW) impulsive force peaking in
50 msec, where BW denotes each donor’s postmortem BW.
In a new departure from the original Withrow et al. appara-
tus, a specially designed adjustable torsional transformer
device (Fig. 1) was mounted in series with the distal tibial
ﬁxture so that the linear momentum of the drop-weight at
impact was transformed into the combination of an axial
compressive force and an impulsive axial torque component
applied to the tibia. The torsional transformer device consists
of two circular plates between which three palls are mounted
equidistantly from one another and tangentially to an imagi-
nary cylinder lying orthogonal to and within the two plates.
The top circular plate can only translate vertically while the
bottom plate can both translate vertically and rotate axially.
The direction of the torque could be preselected by setting
the inclination of each pall relative to the bottom plate.
Two six-degree-of-freedom load cells (MC3A-1000, AMTI,
Watertown, MA) measured the 3D tibial forces and moments
delivered to the construct, as well as the 3D femoral reaction
forces and moments. A 3-mm DVRT (Microstrain, Burling-
ton, VT) was mounted on the anteromedial (AM) bundle of
the ACL to record relative strain. The anterior knee joint
capsule was opened so as to identify the AM bundle and its
ﬁber direction. The transducer was placed under direct vision
parallel to the ﬁber direction at the ﬁrst quartile of the AM-
ACL length measured from the tibial insertion. The knee
joint capsule was then closed prior to the testing. Five single
degree-of-freedom load cells (TLL-1K, Transducer Techni-
ques, Temecula, CA) measured simulated muscle tensions.
Impulsive forces, the ﬁve muscle forces, and ACL strain data
were recorded at 2 kHz, while tibiofemoral kinematic data,
deﬁned in accordance with Grood and Suntay26, were
recorded at 400 Hz to the nearest degree and millimeter
using bone screws, infrared diodes, and an Optotrak Certus
system (Northern Digital, Inc., Waterloo, Canada).
Testing Protocol (Table 1)
During the ﬁrst ﬁve preconditioning trials, the height of the
weight drop was varied to ﬁnd the drop height that best sim-
ulated a two times BW impulsive ground reaction force for
the baseline loading condition. That drop height was then
maintained throughout all trials to apply the same kinetic
energy to the knee specimens. After the ﬁve prebaseline tri-
als (‘‘BASE1’’), three blocks of six trials were run on each
ACL-intact specimen in a ‘‘BASE1– B – C – BASE2’’ repeated
measures design, where the blocks ‘‘B’’ and ‘‘C’’ were random-
ized to be either an INT or EXT tibial torque superposed on
Figure 1. Schematic of testing apparatus. A weight (W) is
dropped through a standard height onto an impact rod in series
with a torsional device (T). Six-axis load cells (L) are located on
distal tibia and proximal femur to measure knee input and out-
put loads. Quadriceps (Q), hamstrings (H), and gastrocnemius
(G) muscle forces are simulated. Inset shows the DVRT attached
to the AM-ACL.
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the standard baseline compression force and ﬂexion moment,
followed by the post-baseline trial block (‘‘BASE2’’).
The baseline loading conditions, ‘‘BASE1’’ and ‘‘BASE2’’,
were designed to simulate a drop landing where the impul-
sive ground reaction force provides the compressive force on
the knee joint and induces the knee ﬂexion, thereby causing
sudden stretch of the quadriceps muscle-tendon unit. This
stretch of the quadriceps muscle-tendon unit resulted in an-
terior tibial displacement, thereby increasing the ACL strain
via the patellofemoral mechanism.
Statistical Analysis
The primary outcomes were AM-ACL relative strain and
strain rate in the simulated pivot landing scenario. The peak
AM-ACL relative strain for each loading trial was normalized
by dividing by the mean peak AM-ACL relative strain
obtained during the baseline loading conditions (i.e.,
‘‘BASE1’’ and ‘‘BASE2’’). This was done for the last ﬁve trials
of each loading condition. Then, the ﬁve normalized peak
AM-ACL relative strain values were averaged to ﬁnd a repre-
sentative strain value for each loading condition. In this
repeated measures experiment, a non-parametric Wilcoxon
signed-rank test was used to test the two hypotheses. An
alpha level of 0.05 was considered signiﬁcant.
RESULTS
Ten of the 12 knee specimens exhibited signiﬁcantly
greater peak AM-ACL relative strain under the impul-
sive internal tibial torque than under a similar magni-
tude of external tibial torque. No differences were
found between two baseline loading conditions
(‘‘BASE1’’ and ‘‘BASE2’’), thereby conﬁrming the knee
specimens were not damaged during the testing. The
increases in the AM-ACL relative strain and strain
rate under the internal tibial torque were signiﬁcantly
different from the baseline (i.e., p ¼ 0.005 and
p ¼ 0.021, respectively), while the corresponding val-
ues under the external tibial torque were not signiﬁ-
cantly different. The impulsive compressive force,
input moments, and primary and secondary outcome
measurements for each loading condition are summa-
rized in Table 2. Sample temporal behavior from a sin-
gle representative specimen and trials are shown in
Figure 2.
Effect of Axial Tibial Torque Direction on the Peak AM-ACL
Relative Strain
In testing the ﬁrst primary hypothesis, across all 12
specimens, the normalized mean peak AM-ACL rela-
tive strain was signiﬁcantly greater (70% increase,
p ¼ 0.023; Fig. 3) under internal than under external
tibial torque. The INT loading condition caused the
normalized mean peak AM-ACL relative strain to be
117% greater than the baseline loading condition
(‘‘BASE1’’), whereas the corresponding increase for the
EXT loading condition was 30% (Fig. 3).
Effect of Axial Tibial Torque Direction on the Peak AM-ACL
Relative Strain Rate
In testing the secondary hypothesis, the normalized
mean peak AM-ACL relative strain rate was signiﬁ-
cantly greater (42% increase, p ¼ 0.041; Fig. 4) under
internal than under external tibial torque. The INT
loading condition caused the normalized mean peak
AM-ACL relative strain rate to increase 51% when
compared to the baseline loading condition (‘‘BASE1’’),
whereas the corresponding increase for the EXT load-
ing condition was 16% (Fig. 4).
DISCUSSION
The results demonstrate that the AM-ACL relative
strain and strain rate increased signiﬁcantly more un-
der the internal than under external tibial torque in
the presence of the realistic impulsive compressive
force, ﬂexion moment, and muscle forces.27 Consider-
ing the fact that daily mobility task and sports maneu-
vers induce large dynamic loads on the knee28, the
present study provides useful insights into how the
ACL is loaded when such loads include large axial
tibial torques.
Our results corroborate and extend the earlier stud-
ies, which employed loads that were much less than
one BW in magnitude and quasi-static in nature.7–9
For example, Arms et al.7 found that a quasi-static
13.6 N-m internal tibial torque combined with a simu-
lated quadriceps contraction (400 N) caused higher
ACL strain than a corresponding external tibial tor-
que. Similarly an in vivo study performed by Fleming
et al.8 found that the ACL strain was higher when the
knee was placed under a 10 N-m internal tibial torque
than under a 10 N-m external tibial torque. Further-
more, Markolf et al.9 measured the ACL tension under
a constant 5 N-m of internal or external tibial torque
with and without a constant 100 N quadriceps force.
They found that the ACL forces were signiﬁcantly
higher under the internal tibial torque than under the
external tibial torque near full extension. Recently,
Meyer et al. showed that the ACL failure occured at
about 588 of internal tibial rotation under an average
of 33 N-m internal tibial torque.29 Such large internal
tibial rotations might not be observed in actual isolat-
ed ACL injury incidents. The large internal tibial rota-
tion likely occurred because they did not incorporate
the muscle forces. The qualitative ﬁndings, however,
Table 1. Repeated Measures Experiment Protocol
Proceeded from Trial Block in Top Row to Bottom Row
Protocol Loading direction
BASE1 Compression þ Flexion moment
INTa Compression þ Flexion moment
þ Internal tibial torque
EXTa Compression þ Flexion moment
þ External tibial torque
BASE2 Compression þ Flexion moment
Two blocks of experimental trials were interposed between the
two baseline trial blocks.
aThe order of the experimental blocks was randomized (see text
for detail).
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are consistent with our ﬁndings. Under more physio-
logical loading conditions, the present results unequiv-
ocally demonstrate that the ACL relative strain is
signiﬁcantly larger under simulated landing conditions
involving an internal tibial torque than an external
tibial torque.
It is interesting that post hoc injury video analyses
have suggested that ACL injury can occur under both
Table 2. Mean ( SD) Value for the Input Force and Moment, as Well as the Primary and Secondary Outcome
Measurements by Testing Block (N ¼ 12 Specimens)
BASE1
Internal tibial
torque
External tibial
torque BASE2
Input force
Impulsive compressive force (N) 1,286.9  203.4 852.4  98.5 991.9  123.0 1,256.5  193.3
Input moment
Axial tibial torque (N-m)a — 17.3  3.7 18.0  2.1 —
Primary outcomes
AM-ACL relative strain (%) 3.0  2.0 5.4  3.7 3.1  2.8 2.9  1.7
AM-ACL relative strain rate (%/sec) 184.2  112.0 252.4  160.1 179.4  109.9 196.1 101.3
Secondary outcomes
Quadriceps force (N) 1,091.4  305.5 1,093.5  253.7 1,089.2  349.8 1,181.3  344.8
Knee flexion angle (deg) 4.6  1.4 4.8  1.3 2.8  1.3 4.5  1.2
Anterior tibial translation (mm) 1.3  1.0 3.6  2.6 0.8  0.6 1.3  1.0
Axial tibial rotation (deg)a 1.8  1.5 12.2  3.1 11.8  3.7 1.7  1.2
aPositive value represents internal tibial torque or rotation.
Figure 2. Sample temporal behaviors of the impulsive compressive force, quadriceps force, axial tibial torque, and AM-ACL relative
strain and strain rate (Specimen ID: F32933R). Measurements are normalized to their maximum values to ease comparison and the
pertinent peak values are shown in the legend.
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internal and external tibial rotation, often combined
with knee valgus loading. For example, Olsen et al.
analyzed 20 videotaped ACL handball injuries and
found that two-thirds (12 of 19) of the injuries occurred
in apparent external tibial rotation during a plant-
and-cut, one-leg landing, and/or deceleration maneu-
ver with the knee near full extension; the remainder
were injured in a movement that appeared to generate
a torque producing internal tibial rotation.11 On the
other hand, Meyer et al.29 showed that the tibiofe-
moral joint compression caused ACL failure by induc-
ing internal tibial rotation combined with anterior
tibial translation. Interestingly, after the ACL failure,
external tibial rotation was observed under the tibiofe-
moral joint compression. This observation suggests
that after ACL failure is actually observed in post hoc
injury video analyses, any subsequent motions are not
representative of loading conditions that caused ACL
failure. Our results showed that 10 of 12 knee speci-
mens exhibited signiﬁcantly greater ACL relative
strain under the internal tibial torque than under a
similar magnitude of the external tibial torque. One of
the remaining two knee specimens in which the peak
ACL relative strains were larger under the external
tibial torque than under the internal tibial torque
exhibited the smallest notch height of any knee on
frontal plane X-ray images. Thus, it is possible that
the notch interfered with the DVRT causing an arti-
fact. It is known that ACL impingement can occur
under external tibial rotation and knee abduction30
and a narrow femoral notch width is one risk factor for
non-contact ACL injury.31 In the case of the other
knee, there was no obvious morphological difference
from the other knees on radiographs or by visual in-
spection, so we are at a loss to explain why its ACL
strain was greater under the external tibial torque.
We can speculate that it might have been caused by a
lateral movement of the patella, causing it to apply a
greater posteriorly directed force to the lateral condyle
than the medial condyle.
A valgus posture has previously been identiﬁed as a
primary ACL injury mechanism.17 Thus, many ACL
injury prevention programs have focused on minimiz-
ing valgus loading to the knee during jump land-
ings.16–19 However, controversy exists over the valgus
loading mechanism. It is theorized that knee valgus
(or knee abduction) loads during landing can cause
ACL injury by inducing medial knee joint opening.
However, the medial collateral ligament (MCL), con-
sidered as a primary restraint to knee valgus moment,
is injured in only 4–27% of all ACL injuries.32,33 In a
systematic review by Quatman et al.,14 the authors ex-
plain the relative lack of combined ACL/MCL injuries
as being due to the failure load of MCL being greater
than the corresponding value of ACL (i.e., 2,300 N vs.
640–2,100 N). However, it appears that the difference
is not really large enough to explain the relative infre-
quency of combined ACL/MCL injuries. Lateral com-
partment bone bruise patterns also suggest that either
a knee abduction or anterolateral tibial subluxation
resulting from internal tibial rotation may be involved
under large axial compressive joint loading.34–37
Unfortunately, it remains unclear which of these is
the most crucial loading pattern during ACL injury.
Additionally, Fleming et al.8 reported that the weight-
bearing condition signiﬁcantly increased ACL strains
compared to the non-weight-bearing condition, while
the ACL strains remained relatively consistent over
the range of valgus moments tested. This ﬁnding sug-
gests that the ACL is not a restraint to valgus loading.
Previously, Withrow et al. investigated the effect of
valgus loading on the peak AM-ACL relative strain:
The normalized peak AM-ACL relative strain was
30% larger in the dynamic valgus loading (i.e., 132.5 
29.0 N-m) compared to the sagittally symmetric base-
line loading condition where an impulsive compressive
Figure 3. Mean (SD, represented by error bars) normalized
peak AM-ACL relative strain values under each loading condi-
tion. In this and the following ﬁgure, the asterisk indicates a
signiﬁcant difference.
Figure 4. Effect of tibial torque direction on mean (SD, repre-
sented by error bars) normalized peak AM-ACL relative strain
rate values across all specimens.
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force exceeding two BWs (1,500 N) and ﬂexion moment
were applied.25 Using a similar, but improved, testing
apparatus to that used by Withrow et al.,25 the present
study found that the peak AM-ACL relative strain was
117% greater under the internal tibial torque (i.e.,
17.3  3.7 N-m) than under the baseline loading con-
dition. This indirect comparison implies that the inter-
nal tibial rotation might play a more important role in
increasing the ACL strain than knee valgus loading.
This would seem to be a role that cannot be assessed
by injury videotape analyses. As discussed in our re-
cent article,23 our in vitro methods include several lim-
itations. First, only one initial knee ﬂexion angle 158
was tested. However, the knee ﬂexion angle at injury
is estimated to be 168 in injury video analysis and Li
et al.38 reported the ACL strain to be highest with the
knee in 158 of ﬂexion.11 Thus, the initial 158 knee ﬂex-
ion angle used in this study seems reasonable. Second,
the ACL strain was measured only in AM region. The
AM-ACL strain may not reﬂect the strain within
the posterolateral (PL) region of the ACL. However,
according to the results reported by Gabriel et al.,39
the in situ force in the AM bundle was greater than
the corresponding value in the PL bundle in response
to a rotatory load (i.e., 10 N-m valgus and 5 N-m inter-
nal tibial torque) at 158 of knee ﬂexion angle. More-
over, at 308 of knee ﬂexion angle, the in situ force in
the AM bundle increased in response to the same rota-
tory load, while the in situ force in the PL bundle de-
creased. A similar load-sharing pattern was observed
in response to a 134 N anterior tibial force for both the
knee ﬂexion angles. Thus, measuring the AM-ACL
strain under axial tibial torque seems reasonable. The
third limitation is that we tested knee specimens from
older donors, so our results cannot necessarily be gen-
eralized to younger populations. Strocchi et al.40
reported that in adults and elderly subjects, the maxi-
mum diameter of the ACL collagen ﬁbril is signiﬁcant-
ly decreased compared to younger (<20 years)
subjects. The decreased diameter may or may not
reduce elastic ACL stiffness. However, this does not
necessarily mean that the ACL strain characteristics
would be qualitatively different. Although knee speci-
mens from young donors might show smaller ACL
strain values for each loading condition, we expect
that the general trend of the normalized AM-ACL
strain and strain rate should be maintained.
This study clearly suggests that pivot landing or
plant-and-cut maneuvers that apply large impulsive
internal tibial torques to the knee are risky from the
point-of view of causing excessive AM-ACL strain. It
has been shown that a higher coefﬁcient of friction
between the shoe–ground interfaces is associated with
a greater axial tibial torque transmitted to the knee
joint, thereby leading a greater risk of ACL injury.41
Taken together with existing literature, the present
study suggests the necessity for limiting the maximum
axial torque that can be applied to a tibia perhaps by
changing regulations to limit the maximum frictional
torque that can be developed between a shoe sole and
a playing surface.
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